each virus (for a review, see . FMDV differs from the other picornaviruses in having a relatively smooth Data from cryo-electron microscopy and X-ray surface with one exceptionally long exposed loop, the crystallography have been combined to study the inter-GH-loop of VP1 (residues 134-160), which not only actions of foot-and-mouth disease virus serotype C constitutes most of a major antigenic site (Bittle et al., (FMDV-C) with a strongly neutralizing monoclonal 1982; Pfaff et al., 1982; Stromaier et al., 1982) but antibody (mAb) SD6. The mAb SD6 binds to the long also contains a conserved RGD (Arg-Gly-Asp) sequence flexible GH-loop of viral protein 1 (VP1) which also which has been demonstrated to be essential for attachment binds to an integrin receptor. The structure of the of the virus to cells (Mason et al., 1994) . This loop is virus-Fab complex was determined to 30 Å resolution highly disordered in the native virus structure of all using cryo-electron microscopy and image analysis.
serotypes examined to date. When the disulfide bond The known structure of FMDV-C, and of the SD6 Fab linking the base of the loop (Cys134) to Cys130 of VP2 co-crystallized with a synthetic peptide corresponding is reduced in FMDV-O 1 , however, the loop adopts a more to the GH-loop of VP1, were fitted to the cryo-electron highly ordered position lying along the viral surface microscope density map. The SD6 Fab is seen to project (Logan et al., 1993) . The reduced virus retains most of almost radially from the viral surface in an orientation its infectivity. which is only compatible with monovalent binding of For several picornaviruses (some enteroviruses and the mAb. Even taking into account the mAb hinge and human rhinoviruses), there is evidence that the receptorelbow flexibility, it is not possible to model bivalent binding site is located at the base of a narrow cleft and it binding without severely distorting the Fabs. The was postulated that these sites are not accessible to bound GH-loop is essentially in what has previously antibodies (Rossmann et al., 1985) . The major group been termed the 'up' position in the best fit Fab rhinoviruses [those rhinoviruses which attach to cells orientation. The SD6 Fab interacts almost exclusively via the cell surface receptor molecule intercellular cell with the GH-loop of VP1, making very few other adhesion molecule (ICAM-1)], have a continuous deprescontacts with the viral capsid. The position and orientsion or canyon around the 5-fold axes and it has been ation of the SD6 Fab bound to FMDV-C is in accord shown that the receptor binds in the canyon (Olson et al. , with previous immunogenic data.
Introduction
hiding the receptor site is not essential. It is clear, however, that in both the FMDV GH-loop and the rhinovirus The picornaviruses are small single-stranded RNA viruses 'canyon' there exist adjacent residues which can mutate of considerable economic and medical importance, some to give a viable virus particle which escapes detection by of which exhibit great antigenic variation (Rueckert, 1990) . They include poliovirus, rhinovirus, coxsackievirus particular monoclonal antibodies. Such escape mutations often occur repeatedly at only a few residue positions
Results and discussion and for FMDV-C structural studies Cryo-electron microscopy of FMDV-C-SD6 Fab have shown that these repeated substitutions tend to occur complexes for residues not involved in interactions with other amino Cryo-electron microscope images of frozen hydrated comacids (Lea et al., 1994) , suggesting that they are not plexes between FMDV-C and SD6 Fab revealed an required for maintenance of the capsid structure or for extremely homogeneous population of 300 Å diameter another biological function during the viral life cycle. The spheres uniformly decorated with radially projecting spikes concept of a receptor-binding site accessible to antibodies (Figure 1 ). No empty capsids were observed. The only but flanked by residues capable of mutating to give a objects visible in the background were small pentameric viable virus which escapes immune surveillance has been clusters of protein (Figure 1 ). We interpret these as proposed previously (Hogle, 1993 Fabs are visible as the FMDV pentamer is too thin to be only of the virus structure but also of the virus-antibody observed. No partially decomposed FMDV-C-SD6 Fab interactions at the amino acid level. The recent studies of or RNA were detected. In common with previous evidence viral peptide-antibody complexes  that the FMDV capsid does not in general form stable Verdaguer et al., 1995; Wein et al., 1995) and picornavirusaltered capsids (Baxt and Bachrach, 1980) , we conclude that FMDV dissociation on binding of SD6 Fab is a rapid, antibody complexes (Smith et al., 1996) by X-ray crystalloall or nothing, process. graphy alone and in combination with cryo-electron microscopy (Smith et al., 1993a,b; Hewat and Blaas, 1996) are contributing to a better understanding of picornavirus Reconstructed density of the FMDV-C-SD6 Fab neutralization by antibodies. This structural information complex is complementary to the data obtained by analysis of
Isosurface representations of the FMDV-C-SD6 Fab comantibody escape mutants, which have been used to map plex show the nearly spherical FMDV-C decorated with 60 bilobed Fabs which project 80 Å almost radially from the viral antigenic sites, and to biochemical studies on the surface (Figure 2 ). In the reconstruction, the maximum the mechanisms of neutralization. Several topologically density in the Fab and in the viral capsid are the same, independent sites have been identified in FMDV-C (see indicating an occupation of the virus with Fab of close to . While most amino acid changes which 100%. The isosurface representation of native FMDV-C preclude antibody binding occur at the epitope, it has been restricted to 30 Å resolution was calculated from the shown for FMDV-O 1 BFS that such substitutions can be X-ray structure (Lea et al., 1994) (Figure 3 ). Compared located outside the epitope (Parry et al., 1990) . A structural with related picornaviruses such as human rhinoviruses explanation for these latter results has been inferred by (Smith et al., 1993a,b; Hewat and Blaas, 1996) , FMDV-C analysis of escape mutants. It was proposed that the GHhas a remarkably smooth surface at low resolution. Howloop exists in different conformations. Mutations outside ever, triangular plateaux centred on the 3-fold axes are the GH-loop could switch the population of conformations discernible and there is sufficient surface detail to allow sampled by this loop from a predominantly 'up' position unambiguous determination of the hand of the reconclose to the capsid 5-fold axis (where those mutations structed complex. were found) to a predominately 'down' position closer to the capsid 2-fold axis (Parry et al., 1990; Logan Location of the Fab on the viral surface et al., 1993) .
The X-ray structure of the SD6 Fab complexed with the In order to obtain direct information on how monoclonal 15mer peptide, which mimics the VP1 GH-loop of FMDVantibodies (mAbs) interact with FMDV, we have deter-C-S8c1 (Verdaguer et al., 1995) , fits the cryo-electron mined the structure of the FMDV-C-S8c1-SD6 Fab commicroscopy density map reasonably well in two orientplex by combining the results from three-dimensional ations related by the pseudo 2-fold axis of the Fab reconstructions of cryo-electron micrographs and X-ray (orientations I and II shown in Figure 4 ). The correct crystallography. The strongly neutralizing mAb, SD6, was orientation is not easily distinguished by eye. The missing elicited against the virus and binds to a continuous epitope VP1 GH-loop in the structure of native FMDV-C-S8c1 on the GH-loop. The crystal structure of a synthetic (see Table 1 ) (Lea et al., 1994) , the quasi-cyclic nature of peptide representing the GH-loop of FMDV-C complexed the peptide in the Fab SD6-peptide complex and the with the Fab of mAb SD6 has been determined (Verdaguer absence of unfavourable interactions for either orientation et al., 1995) . The complexed peptide shows considerable give no indication of the correct orientation. However, the structural similarity to the VP1 GH-loop of the reduced characteristic elbow angle of the SD6 Fab is discernible form of FMDV-O and the RGD motif interacts directly in sections of the FMDV-SD6 reconstructed density. The with the Fab. In the crystal structure of FMDV-C-S8c1 thick section shown in Figure 5 contains the pseudo 2-fold alone (Lea et al. 1994) , the GH-loop was disordered and axis of the Fab. The direction of flexion of the Fab elbow so the structure of the complex described here provides is well defined, and a rough estimate of the elbow angle the first information on the structure of this receptorobtained from this section is 163°as determined from the binding loop in relation to the rest of the virus capsid and X-ray crystallographic structure (Verdaguer et al., 1996) . further reinforces our picture of the GH-loop of FMDV This implies that the Fab is in orientation I. Also the Fab in orientation I showed a small but consistently better fit VP1 acting as a mobile structural module. irrespective of the refinement procedure employed (see capsid surface would allow the transition between the up and down conformations (Parry et al., 1990; Figure 6 ). Table II and Materials and methods). When the Fab constant and variable modules were allowed to move Because all the evidence favours orientation I, the structural analysis that follows is concentrated mainly on this independently during reciprocal space refinement, orientation I gave a better fit: the elbow angle remained orientation. However, most conclusions are valid for both orientations. practically unchanged at 163°but, for orientation II, the constant and variable modules were separated by~4 Å, thus distorting the Fab structure. Orientation I was also
The geometry of SD6 binding precludes bivalent attachment strongly supported by the fit of the Fab-bound peptide, whose N-terminus connects directly onto the ordered base For orientation I, the shortest distance between the Cterminal ends of the Fab heavy chains is 87 Å for Fab of the VP1 GH-loop in the virus at the same location as the corresponding sequence in native FMDV-O 1 BFS, fragments located in the same pentamer, and 91 Å for Fabs related by the icosahedral 2-fold axis. When the Fab where most of the loop is not resolved (Acharya et al., 1989) . The fit at the C-terminus of the peptide is also elbow angle is changed to the extremely small value of 130°, without moving the Fab variable domains, these close, requiring only minor reorganization (see Materials and methods). This is permissible, as the ends of the GHdistances change to 97 and 61 Å, respectively ( Figure 7 ). All of these distances are too large to allow any two Fab loop not visible in the X-ray structures may be considered as highly flexible. A simple rotation in the plane of the fragments on the same virus particle to be linked together. Epitopes on the same pentamer are separated by~55 Å and epitopes on pentamers related by a viral dyad by some 65 Å. Thus only monovalent binding of mAb SD6 to the viral surface appears feasible. A similar analysis for orientation II leads to the same conclusion.
GH-loop position
The GH-loop in the proposed model differs widely from the disposition of the equivalent loop in reduced FMDV-O (Logan et al., 1993) . However, large movement of the loops has already been anticipated in particular for serotype O (Parry et al., 1990) . For the Fab in orientation I, the loop is directed towards the viral 5-fold axis and approaches the BC-loop of VP1. The position of the GH-loop in this complex is strikingly similar to that proposed some years ( Parry et al., 1990) , despite the fact that the evidence available then was largely serological; indeed, with the structure of the loop in the reduced type O virus, we now between this loop and the Fab are Ͼ8.0 Å. For the Fab in orientation II, the pattern of interactions with the viral have examples of both the 'up' and 'down' conformations proposed in that paper.
surface is very similar to that described for orientation I (Table III) . The main difference is that in orientation II the interatomic distances between the Fab and the BCInteractions between the SD6 Fab and FMDV-C The SD6 Fab footprint on the viral surface has been loop are shorter (Table III) . It is remarkable that such a small number of interactions suffice to maintain the Fab computed from the molecular area buried during the formation of the complex. Several probe radii, ranging fragments in a well-determined orientation even during sample preparation for electron microscopy. from 1.7 to 3.5 Å, were used to account for the limited resolution of the data available (we estimate that the error in positioning the components of the complex does not
The antigenicity of FMDV-C SD6 binds almost exclusively to a single loop (Table III) . exceed 4 Å) (Table III) . Apart from residues on the GHloop, only a few residues, clustered in three regions on This is in contrast to other virus-Fab complexes (Wang et al., 1992; Smith et al., 1993a,b; Wikoff et al., 1994) , the virus, can be involved in interactions with the Fab. The most extensive interactions involve residues from the with the exception of human rhinovirus 2-mAb 8F5 Hewat and Blaas, 1996) . The SD6 C-terminus of VP1 from the neighbouring protomer in the same pentamer (Table III) . Some residues from the epitope, in common with several other epitopes of FMDV type C, essentially comprises residues 136-147 of the GH-loop of VP3 could also contribute. In addition, the BC-loop of VP1 presents some contact area when using VP1 GH-loop . The results presented here are in agreement with a variety of previous studies of this the largest probe radius, but all interatomic distances epitope. mAbs against this loop in type C virus bind a synthetic peptide and the virion with similar affinity, and all escape substitutions (for a panel of mAbs, including an essentially continuous B cell epitope on a virus capsid (Acharya et al., 1989) . Although such structures are not
The C peptide includes all 15 residues in the synthetic peptide co-complexed with the SD6 Fab. The CLoop model shows all the usually found in globular proteins (Barlow et al., 1986) , GH-loop residues including the three residues TTA at the N-terminus several viruses in addition to FMDV show polypeptide and the two residues HA at the C-terminus of the C peptide missing segments, which include immunodominant sites, loosely from the FMDV-C structure. Residues in bold characters are connected with the rest of the capsid or envelope protein structurally equivalent to residues in the model of the VP1 GH-loop presented in this work.
[e.g. canine parvovirus and and the Fab moiety are strong neutralizers and that they neutralize by interfering with attachment of the virus to human immunodeficiency virus (Ghiara et al., 1994) ]. The cells (N. Verdaguer, unpublished) . Thus, while aggregation existence of such loops provides encouragement for further by SD6 may play a role in neutralization, it is not the attempts at structure-based design of peptide vaccines only mechanism involved since the Fab fragment is a (Brown, 1992; . strong neutralizer. These biochemical observations are The recognition, in isolation, of the GH-loop of FMDV fully consistent with the structural data presented here. In by antibodies does not exclude the possibility that substituparticular, both lines of evidence suggest that a bivalent tions outside this segment could alter the antigenicity of attachment of the antibody to the virus is extremely the loop. This is the case for serotype O, where escape unlikely and, furthermore, that the paratope of SD6 intermutations including substitutions towards the C-terminus acts almost exclusively with the integrin receptor-bindof VP1 and within or near the BC-loop of VP1, close to ing motif. the capsid 5-fold axes lead to decreased recognition of the virus by antibodies elicited against the GH-loop
Materials and methods
presented as a synthetic peptide (Parry et al., 1990; Krebs et al., 1993) . Together with structural data, these results
Preparation of virus and antibody
FMDV-C-S8c1 was purified using the standard procedures described by were taken to imply that substitutions near the capsid 5-fold Curry et al. (1992) . Neutralizing monoclonal antibody SD6 was elicited axes would destabilize a particular GH-loop structure on against intact FMDV-C-S8c1 virus (Mateu et al., 1987) and its Fab the virion, altering the presentation of epitopes within the fragment was prepared as described in Verdaguer et al. (1994) . Note loop (Parry et al., 1990) . It is suggestive that these two that throughout the text, FMDV-C-S8c1 is often abbreviated to FMDV-C.
VP1 segments include most of the residues closest to the

Preparation of FMDV-C-SD6 Fab complexes
Fab in both orientations derived from the results presented
The FMDV-C-SD6 Fab complex was prepared and purified as described here. Indeed the position of the loop in the favoured previously (Hewat and Blaas, 1996) . FMDV-C (33 µg) and SD6 Fab orientation resembles the 'up' conformation proposed for were incubated at a molar ratio of 1:200 in a volume of 50 µl for 1 h native type O virus. Since the type C loop is, however, at room temperature. Excess Fab was removed by passage through a Sephacryl S300 spun column (Pharmacia).
four amino acids shorter than its counterpart in the O serotype, it remains further from the BC-loop and from Preparation of frozen hydrated specimens all but the last residues of the C-terminal segment of VP1
Frozen hydrated specimens were prepared on holey carbon grids as ( Figure 6 ). It is possible that this is why, in contrast to described previously (Hewat et al., 1992a) . The holey carbon films, the observations for the O serotype viruses, no substitutions supported on 400 mesh grids, were not glow discharged before use. Samples of the virus suspension (4 µl) were applied to grids, blotted which impair binding of SD6, or other site A mAbs for immediately with filter paper for 1-2 s and plunged rapidly into liquid type C FMDVs, have been found outside the loop. Such ethane cooled by nitrogen gas at -175°C. Specimens were photographed a hypothesis provides a structural explanation for the at a temperature of close to -180°C using a Gatan single-tilt cryo-holder qualitative differences in antigenicity found between in a Jeol 1200 EX operating at 100 kV. Images were obtained under low dose conditions (Ͻ20 e/Å 2 ) at a nominal magnification of 30 000 FMDV serotypes. They may, for example, alter virus stability, or interfere
Image analysis
with infection by binding to cell attachment sites on the Preliminary selection of micrographs, digitization and preparation of virion, or cross-link virus particles to cause aggregation; virus particle images for analysis was performed as described previously yet other antibody-dependent immune mechanisms operate (Hewat et al., 1992b) . The pixel size of 20.9 µm on the micrograph in vivo (Dimmock, 1993) . In the case of SD6, recent corresponds to a nominal pixel size of 6.97 Å/pixel at the specimen. Further image analysis was performed on a DEC Alpha workstation evidence indicates that both the entire antibody molecule using modified versions of the MRC icosahedral programs and the model-based orientation determination programs (Baker and Cheng, 1996) supplied by S.Fuller (Fuller, 1987; Fuller et al., 1996) . For the high defocus image, the orientations and origins of each particle were determined and refined by the method of common lines (Crowther, 1971) . The image pair closer to focus was analysed using the orientations determined at the higher defocus as starting data. The lower defocus data was then refined further through several cycles using the modelbased orientation determination approach. The best reconstruction used 30 particles and included information to 30 Å resolution. The phase residual went to 90°at this resolution and all the inverse eigenvalues were Ͻ0.1. Isosurface representations of the reconstructed density were visualized using Explorer on a Silicon Graphics workstation.
Fitting the FMDV-C and SD6 Fab X-ray structures to the cryo-electron microscopy density Normalizing the cryo-electron microscopy density map. First, the precise magnification of the electron microscope reconstructed density map of the complex was determined. The reconstructed map was scaled to the X-ray data by comparing the FMDV-C capsid density only. The radially averaged densities within a spherical shell from a radius of 110 to 145 Å were compared by cross-correlation. This gave a pixel size of 6.75 Ϯ0.03 Å/pixel. Secondly, a correction for the effect of the contrast transfer function (CTF) on the cryo-electron microscopy reconstruction was estimated by comparing the reconstructed density map of the complex with the equivalent X-ray map. An X-ray map of the FMDV-C-SD6 Fab complex was created by fitting the X-ray structure of the SD6 Fab into the reconstructed map using the program O on a Silicon Graphics workstation (Jones et al., 1991) . The reconstructed map was masked in order to exclude all density except that corresponding to the Fig. 7 . Schematic drawing indicating the relative positions of two Fab capsid and the Fab. This was done by subtracting the mean density from fragments on either side of the icosahedral 2-fold axis. Two light chain the reconstructed map and setting all density below zero to zero. The domains and two heavy chain domains are represented for each Fab. density Ͻ110 Å (corresponding to the viral RNA) was also set to zero.
The constant Fab domains, with a distance of 91 Å between carboxyThe Fourier transform of identical projections of both maps (i.e. the terminal residues of the heavy chains, corresponds to orientation I (A). masked reconstructed map and the equivalent X-ray map) were compared When the Fab elbow angle is bent to the extreme value of 130°, the and the ratio of the radially averaged amplitude was smoothed to give constant modules of neighbouring Fabs approach each other giving a a radial CTF correction for the reconstructed map.
distance of 61 Å (B). Thus the Fab fragments cannot be linked together. Reciprocal space fitting. The structure factors corresponding to the cryo- 
